Abstract.-Ten temperature-sensitive mutants of T4D have been examined to find the times in the lytic cycle at which a shift to a restrictive temperature no longer exerts a lethal effect. Nine of these mutants play a role in phage DNA synthesis. The results of these experiments suggest that the products of three of the genes tested-genes 42, 44, and 45-have control or complexing functions in addition to any enzymatic ones. The data also indicate that the products of genes 30 and 41 may act cooperatively. The properties of mutants of gene 43 (DNA polymerase) and gene 56 (dCTP-dUTPase) suggest that the production of a certain length of concatameric DNA is necessary before viable phage can be produced.
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Introduction.-Many of the genes concerned with phage T4 DNA synthesis have been studied and their products well characterized. A particular problem in interpreting this great amount of data has been the wide variety of temperatures and media used for phage growth, which makes it difficult to compare the times when certain critical events might occur. The present study was undertaken to elucidate some of the processes and interactions occurring during the synthesis of T4 DNA. A permissive temperature of 220C was chosen in order to slow down the replicative processes and to allow differences among the ts mutants to be readily detected and amplified.
Materials and Methods.-Bacteriophage strains: the temperature-sensitive (ts) and wild-type T4D bacteriophage were provided by Dr. R. S. Edgar, except tsL117, which was supplied by Dr. Harris Bernstein.
Bacterial strains: E. coli B/5, initially donated by Dr. Edgar, was used as the host in all temperature-shift experiments. E. coli B/r thy-was the host in DNA synthesis tests and was a gift from Dr. Beverly Wolf. E. coli S/6/5 (from Dr. Edgar) was used as the plating indicator strain. E. coli KC112, a derivative of K112(X),' was used as the host in preparing extracts for DNA polymerase assays.
Media: LC broth ("Luria's complete" containing: Bacto-tryptone, 10 gm; yeast extract, 5 gm; NaCl, 5 gm; water, 1 liter; pH = 6.8) was used in all temperature-shift experiments and in the growth of phage for DNA polymerase extracts. For H3-thymidine uptake experiments, bacteria were grown in M9 minimal salts medium containing 0.2% glucose, 1% casamino acids (Difco), and 5 gsg/ml of thymidine. Phage growth took place in the same medium, except that 2 ug/ml of thymidine were substituted and 0. for 30 min, put on ice, and 20 Ml of 40 mg/ml bovine serum albumin and 3 ml of 3.5% perchloric acid + 0.1 M PPi were added. The tubes were allowed to stand 10 min at 0°C, Results.-Temperature-shift experiments: The experiments were designed to measure the minimum time interval between infection and the time when a shift to the restrictive temperature, 43°C, no longer inhibited the production of infective phage particles. This time interval is designated C, the critical time interval. Another measurement was the eclipse period, E, at 22°C.
The results of the temperature-shift experiments are presented in Table 1 and Figures 1, 2 , and 3. Shifts of wild-type T4D within the first minute gave normal bursts.
Rise times: The rates at which the ts mutants go from a condition of no burst to one at the maximal level vary as seen in Figures 1, 2 , and 3. The rise time, AT, required for a tenfold increase in titer in the linear part of the rising curve was calculated from each temperature-shift curve. The rise times are presented in Table 2 .
DNA polymerase assays: acid-insoluble material at various times after phage infection at 220C. Under the conditions of the experiment, detectable incorporation occurred between 8 and 11 minutes after the addition of phage to host cells. A parallel measurement of the length of the eclipse period in M9#2 medium gave an eclipse period, E, of 58 minutes at 220C. If the data are normalized by comparison with E for wild-type grown in LC broth, then detectable label incorporation should begin seven to nine minutes after the start of phage growth in broth at 220C.
Discussion.-Models for critical time-interval differences: Operationally, C is the period during which shifts to a restrictive temperature do not lead to the production of infective particles as measured by plaque assays. Whether this blockage results from the production of defective phage DNA per se or from the failure to turn on late-function genes has not yet been examined.
There are several possible reasons why different critical time intervals exist for the temperature-sensitive mutants studied. C could represent: (1) the time until a gene begins synthesis of a temperature-stable product; (2) the period before an event involving a temperature-labile product; (3) the time required to synthesize a unit essential to the eventual production of infective phage.
The events could be of two types: control or complex events (complex referring to the association of two or more components) or synthetic events. On the basis of the temperature-shift experiments and other data,4 control-complex events would be expected to be of short duration, and consequently show short rise times (AT's). The time necessary for enzymatic synthesis of essential substructures or units, however, would be variable. Synthetic events could have AT's ranging from large to small, depending on the events. Some syntheses might require continued production or replenishment of active product (e.g., if a mutant produced, say, a temperature-labile ligase) and this would result in a large rise-time value; or a certain concentration of enzyme might be required have a short AT, but, in general, AT for synthetic events would be expected to be longer than for control-complex events.
Mutants with short rise times: Three mutants-tsL13, tsB110, and tsL159-show rise times of two minutes or less. Gene 42, represented by tsL13, has been identified as the structural gene for deoxycytidylate hydroxymethylase (HMCase).3 Recent work4 has indicated that HMCase is a bifunctional enzyme and may interact with another component to form a complex that is necessary for the synthesis of DNA, separate from the function of hydroxymethylation of cytidylic acid. The product formed by the tsL13 mutant shows HMCase activity when formed at the restrictive temperature, yet DNA synthesis is blocked. Shiu and Greenberg4 also note that the HMCase protein is altered and is unstable. The data reported here agree with their hypothesis and suggest that the genes 44 and 45 products may also possess control-complex sites.
Hosoda and Levinthal,5 who observed directly the proteins synthesized during the lytic cycle, noted that gene 42 protein appeared before that synthesized by gene 45. The data reported here are in agreement with their observation.
Mutants uith similar C/E values: The ratio C/E represents the fraction of the eclipse period, E, occupied by the critical time interval, C. Since the eclipse periods for different ts mutants may vary, the quantity C/E may be a more valid parameter for comparing mutants.
Mutants tsN7 and tsA14, defective in genes 30 and 42, respectively, have C/E ratios of 0.40 and 0.44. These values are possibly related to the similarities in function of the two gene products. Gene 30 has been identified as the polynucleotide ligase structural gene,6 and gene 41 as being defective in a function which converts single-stranded, low-molecular-weight DNA into double-stranded safe  FIG. 4. -Relation between the time after assumption that the same is true for infection of E. coli B/r thy-with wild-type T4D and the amount of tritiated thymidine dCTP-dUTPase,9 " since this enzyme incorporated into acid-insoluble product.
is essential for the production of critical nucleotide monophosphates. 9 These data imply that the products of genes 43 and 56 must operate some 25 minutes (DNA synthesis beginning at about 7 min) at 220C in order to produce the first minimal unit of DNA able to lead to mature phage.
Streisenger et al.12 have proposed that the replication of T4 DNA involves the formation of a concatamer. Segments of this concatamer could be encapsulated into phage heads by cutting off one complete genome plus "a little bit more," thus producing the terminally redundant and circularly permuted T4 chromosome. 13 The data of Frankel14 indicate that multiple lengths of phage DNA are produced during phage infection. Using Werner's calculation'5 for the rate at which T4 growing points progress (about 0.08 phage equivalents per minute at 25TC) and the fact that DNA synthesis is taking place for some 25 minutes during the C's for polymerase and dCTPase mutants, the present study agrees with the data of Frankel and suggests that the minimal concatameric unit is about two phage equivalents in length.
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